Angiotensin II has been implicated in vascular remodeling. Microtubule composed of tubulins regulates cell shape, migration and survival. Tubulin acetylation has an important role in the control of microtubule structure and microtubule-based cellular functions. In this study, angiotensin II induced disassembly and deacetylation of a-tubulin, which were blocked by pretreatment with an angiotensin II type 1 receptor blocker losartan and a sirtuin class deacetylase inhibitor sirtinol, and by depletion of a deacetylase SIRT2 using RNA interference. We investigated the involvement of SIRT2 in angiotensin II-induced endothelial cell migration using the Boyden chamber method. Angiotensin II caused a significant increase in cell migration, which was blocked by pretreatment with sirtinol and SIRT2 depletion. It has been reported that angiotensin II is involved in cytoskeletal reorganization stimulated by mechanical stretch in endothelial cells. We also demonstrated that endothelial cells subjected to a 10% uniaxial stretch showed vertical alignment to the direction of tension and tubulin deacetylation in the peripheral side of cells, in comparison with control static cells. The mechanical stretch-induced changes of microtubules were blocked by pretreatment with sirtinol and SIRT2 depletion. Immunofluorescence microscopy showed that acetylated tubulin was decreased in platelet-endothelial cell adhesion molecule-1-positive cells in the intima of the aortic walls in mice loaded with angiotensin II, in comparison with mice loaded with control vehicle. These data show that angiotensin II and mechanical stretch stimulate microtubule redistribution and deacetylation via SIRT2 in endothelial cells, suggesting the emerging role of SIRT2 in hypertension-induced vascular remodeling.
INTRODUCTION
Angiotensin II is a multifunctional peptide that is the principal effector of the systemic and local renin-angiotensin system. The effects of angiotensin II are mediated by type 1 and 2 plasma membrane receptors that are expressed in vascular cells including endothelial cells, through activation of multiple signaling pathways. A number of studies have shown the involvement of angiotensin II in vascular remodeling, as well as in the regulation of blood pressure and neurohumoral homeostasis. 1 Mechanical stress against vascular cells also modulates cell function by triggering cell signaling. 2 Angiotensin II and mechanical stress have important roles in hypertensioninduced vascular remodeling. The cytoskeleton is one of the key targets in cell signaling activated by angiotensin II and mechanical stress in vascular cells.
Microtubules control numerous cellular functions in endothelial cells, including cell shape, mitosis, intracellular transport, adhesion and migration. Endothelial migration is required for vascular remodeling, such as angiogenesis and reendothelialization in wound repair and after angioplasty or bypass procedure. 3 Microtubules polymerized with heterodimers formed by an a-and a b-tubulin are one of the major components of the cellular cytoskeletal system. Microtubules show dynamic instability, interconversion of assembly and disassembly. [4] [5] [6] The posttranslational modification of tubulin, such as deacetylation, detyrosination, phosphorylation and polyglutamation, is involved in the regulation of microtubule dynamics and microtubule-based cellular functions such as cell morphology, cell survival and cell migration. Acetylation of a-tubulin on lysine-40 has been implicated in the regulation of microtubule stability and structure, as well as microtubule-based cellular functions, suggesting that acetylation is one of the most important modifications of tubulin. 7, 8 Silent information regulator 2 was identified in Saccharomyces cerevisiae as a nicotinamide adenine dinucleotide + -dependent histone deacetylase. Seven homologs of silent information regulator 2 have been identified in mammals and designated as SIRT1-7. The SIRT proteins show distinct tissue and cellular distribution that suggests diverse functions of each SIRT protein. 9 Human SIRT2 is colocalized with microtubules in the cytoplasm and deacetylates lysine-40 of atubulin both in vitro and in vivo. SIRT2 depletion by RNA interference causes tubulin hyperacetylation. 10 Therefore, SIRT2 is considered to be a tubulin deacetylase. SIRT2 is involved in cell division and myelinogenesis, whereas the roles of SIRT2 in vascular cells are not fully understood.
In this study, we investigated the effect of angiotensin II on microtubule dynamics, especially on posttranslational modification of tubulin in cultured human endothelial EA hy.926 cells. 11 Angiotensin II-induced tubulin deacetylation was blocked by pharmacological and genetic inhibition of SIRT2, a tubulin deacetylase. The roles of microtubule and tubulin acetylation in endothelial migration induced by angiotensin II were investigated using the Boyden chamber method. In addition, mechanical stretch caused microtubule reorganization and tubulin deacetylation mediated by angiotensin II type 1 receptor and SIRT2 in endothelial cells. Tubulin acetylation was decreased in aortic endothelial cells loaded with angiotensin II in mice in vivo. Therefore, this study shows that angiotensin II and mechanical stretch induce SIRT2-mediated microtubule reorganization in endothelial cells, suggesting the emerging role of SIRT2 in hypertension-induced vascular remodeling.
METHODS Materials
Angiotensin II and PD123319 were purchased from Sigma (St Louis, MO, USA). Sirtinol was purchased from CALBIOCHEM (La Jolla, CA, USA). Anti-acetylated tubulin (6-11 B-1) antibody was purchased from Sigma. Anti-a-tubulin (ab15246) antibody was purchased from Abcam (Cambridge, MA, USA). Anti-SIRT2 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). FITC-conjugated and Alexa 488-conjugated antimouse antibody and Alexa 568-conjugated anti-rabbit antibody were obtained from Molecular Probes (Eugene, OR, USA).
Cell culture EA hy.926 cells, a gift from Dr Cora-Jean S Edgell (University of North Carolina at Chapel Hill, Chapel Hill, NC, USA), were maintained at 37 1C in an atmosphere of 5% CO 2 in Dulbecco's modied Eagle's medium containing 5% fetal bovine serum, 100 U ml À1 penicillin and 100 mg ml À1 streptomycin. 11 
Gel electrophoresis and immunoblotting
The protein contents of the samples were determined using a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). The samples (40 mg protein) were resolved by one-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrophoretically transferred to polyvinylidene difluoride membranes (ATTO, Tokyo, Japan). The membranes were subjected to immunoblotting as described previously. 12 Immunofluorescence and confocal microscopy Cells cultured on coverslips were fixed with 3% paraformaldehyde for 15 min and then rinsed with phosphate buffered saline. The cells were permeabilized for 15 min with phosphate buffered saline containing 0.5% Triton-X. The cells were blocked with phosphate buffered saline containing 1% bovine serum albumin for 30 min and incubated with an anti-a-tubulin antibody and an anti-acetylated tubulin antibody for 1 h. After rinsing, cells were incubated for 30 min with secondary antibodies conjugated with Alexa 488 or Alexa 546 (Molecular Probes), rinsed and mounted. For nuclear staining, TO-PRO3 from Invitrogen (Carlsbad, CA, USA) was used. Images were captured using confocal microscopy (LSM5 Pascal Ver 3.2, Carl Zwiss, Jena, Germany), at a magnification of 630. Levels of a-tubulin and acetylated tubulin were evaluated by measuring the fluorescence intensity of confocal microscopy images from 10 samples in three independent experiments using the ImageJ software program (NIH, Bethesda, MD, USA).
Transfection of small interfering RNA (siRNA)
Silencer pre-designed siRNA SIRT2 (Ambion Accession No. AM16708, ID; 19657, purchased from Ambion, Austin, TX, USA) was used following the manufacturer's protocol. Transfection of siRNA was performed at a concentration of 100 nmol l À1 using lipofectamin RNAiMAX (Invitrogen).
Migration assay (the Boyden chamber method)
The lower chamber of a Boyden chamber was filled with media containing 100 nmol l À1 angiotensin II or control vehicle. A membrane filter pre-coated with 0.25% gelatin was placed between the chambers. Endothelial cells were trypsinized and suspended in Dulbecco's modied Eagle's medium and counted. A total of 2Â10 3 cells were re-suspended and placed in the upper chamber of a Boyden chamber. After 2 h of incubation at 37 1C, the cells on the upper side of the membrane were gently scraped off. Then cells were fixed with the fixative for 5 s and stained with Diff-Quick Solution 1 and 2 (Sysmex, Kobe, Japan). Transmigrated cells of three chambers were counted in high-power (Â100) microscope fields in three independent experiments.
Cyclic stretch of cells EA hy.926 cells were cultured in silicone chamber coated with human fibronectin. After overnight incubation at 37 1C, the chambers were applied a uniaxial sinusoidal stretch of 10% at a frequency of 50 cycles min À1 (0.83 Hz) for 2 h using model ST-140 (STREX, Osaka, Japan).
Animals
Male mice aged 32 weeks (C57BL/6J strain, CLEA Japan, Tokyo, Japan) with an average weight of 29-35 g were used in this study. The mice were implanted s.c. with an osmotic mini-pump (Alzet 2004; DURECT Co., Cupertino, CA, USA) containing saline alone or angiotensin II (Sigma Chemical, Palo Alto, CA, USA) dissolved in saline that was delivered at the rate of 1.44 mg kg À1 d À1 for 4 weeks (n¼3 per group). After the mice were anesthetized with pentobarbital sodium (80 mg kg À1 i.p.; Abbot Laboratories, Abbott Park, IL, USA), the heart was perfused with saline containing 10 U ml À1 heparin. The aortic sample was dissected and fixed in 4% paraformaldehyde overnight and then embedded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan). All experiments were approved by the institutional animal research committee of Saga University and conformed to the animal care guidelines of the American Physiological Society. Five non-consecutive sections chosen from each mouse were stained by immunofluorescence to visualize a-tubulin and acetylated tubulin. The fluorescence intensity of images obtained using Axiovision (Carl Zeiss) was analyzed by the ImageJ software program.
Statistical analysis
Data were expressed as the mean ± s.e.m. based on three independent experiments. Statistical analysis was performed by Turkey-Kramer post hoc test. Values of Po0.05 were considered to be statistically significant.
RESULTS
Angiotensin II-induced microtubule reorganization and tubulin deacetylation a-Tubulin was visualized by immunofluorescence in EA hy.926 cells stimulated with angiotensin II or control vehicle to investigate the effects of angiotensin II on microtubule reorganization in endothelial cells ( Figure 1A) . In control cells, a-tubulin was distributed as a radial layout in cell bodies and acetylated tubulin was observed ( Figure 1A , a-d). Angiotensin II-treated cells showed the formation of an a-tubulin ring formation in the peripheral edge and acetylated tubulin was decreased in comparison with control cells ( Figure 1A , e-h, i-l). Similar changes were observed in the cells treated with thrombin, which has been shown to be an inducer of a-tubulin redistribution and tubulin deacetylation ( Figure 1A , m-p). Whole cell lysates extracted from cells treated with control vehicle, angiotensin II and thrombin were analyzed by immunoblotting ( Figure 1B ). The protein levels of a-tubulin were similar in any type of cells, whereas acetylated tubulin levels were decreased by treatment with angiotensin II and thrombin. The acetylated tubulin levels adjusted with a-tubulin levels showed a significant dose-dependent decrease in response to angiotensin II. In addition, angiotensin II treatment decreased the acetylated tubulin levels adjusted with a-tubulin levels in a time-dependent manner in EA hy.926 cells ( Figure 1C ). These data suggest that SIRT2 and endothelial microtubule reorganization A Hashimoto-Komatsu et al angiotensin II causes a-tubulin redistribution and tubulin deacetylation in endothelial cells. The effects of angiotensin II are transduced by cell surface G protein-coupled receptors named type 1 and type 2 receptors. Pharmacological antagonists against angiotensin II type 1 and type 2 receptors were used to study the involvement of these receptors in angiotensin II-induced a-tubulin redistribution and tubulin deacetylation (Figure 2A ). Immunofluorescence microscopy showed that a-tubulin redistribution and tubulin deacetylation induced by angiotensin II were partially blocked in the presence of losartan, an angiotensin II type 1 receptor antagonist, but not PD123319, an angiotensin II type 2 receptor antagonist ( Figure 2A, g-l) . The protein levels of acetylated tubulin in whole cell lysates were examined by immunoblotting ( Figure 2B ). Protein levels of a-tubulin were similar in all types of cells, whereas angiotensin II-induced decrease of acetylated tubulin was partially blocked in the presence of losartan but not PD123319. The acetylated tubulin levels adjusted with a-tubulin levels showed no significant difference between cells treated with angiotensin II and cells treated with angiotensin II in the presence of PD123319, but not losartan. These data indicate the involvement of angiotensin II type 1 receptor in a-tubulin redistribution and tubulin deacetylation induced by angiotensin II in endothelial cells.
SIRT2 mediates a-tubulin redistribution and tubulin deacetylation induced by angiotensin II The effects of a specific sirtuin 2 inhibitor, sirtinol (2-[(2-hydroxynaphthalen-1-ylmethylene)amino]-N-(1-phenethyl)benzamide), were examined in EA hy.926 cells to investigate the involvement of SIRT2 in angiotensin II-induced a-tubulin redistribution and tubulin deacetylation ( Figure 3A ). Confocal immunofluorescence microscopy revealed that treatment with sirtinol had no significant effect on the distribution of a-tubulin and in the levels of acetylated tubulin ( Figure 3A , j-l). Sirtinol prevented a-tubulin redistribution and tubulin deacetylation induced by angiotensin II ( Figure 3A, d-i) . Immunoblots using whole-cell lysates showed that the decrease in the acetylated tubulin levels by angiotensin II was significantly inhibited in the presence of sirtinol ( Figure 3B ).
The effects of SIRT2 silencing using siRNA on angiotensin IIinduced decrease of acetylated tubulin were also examined. Transfection of cells with siRNA against SIRT2 dose-dependently reduced the expression of SIRT2 protein in EA hy.926 cells in comparison with control siRNA ( Figure 4A ). Transfection of cells with siRNA against SIRT2 and control siRNA showed no obvious effects on acetylated tubulin levels in cells treated with control vehicle ( Figure 4B ). In contrast, transfection of cells with siRNA against SIRT2 inhibited angiotensin II-induced decrease of acetylated tubulin. These data show that SIRT2 mediates a-tubulin redistribution and tubulin deacetylation induced by angiotensin II in endothelial cells. 
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Involvement of SIRT2 in angiotensin II-induced endothelial migration
The reorganization of microtubules induced by chemotactic factors has been implicated in cell migration. Cell migration was evaluated using the Boyden chamber method, in which cells in the upper chamber migrate across a filter to the lower chamber in response to a gradient of chemoattractants. As shown in Figure 5A , angiotensin II stimulated cell migration in EA hy.926 cells. Co-incubation with losartan, but not with PD123319, inhibited angiotensin II-stimulated cell migration. Co-incubation with sirtinol also prevented angiotensin II-induced cell migration. The transfection of cells with siRNA against SIRT2 inhibited angiotensin II-stimulated cell migration, in contrast to control siRNA transfection ( Figure 5B ). These data suggest that SIRT2 is involved in angiotensin II-stimulated endothelial cell migration. The data shown are the fold increase in comparison with the value for control of three independent experiments. *Po0.05 vs. control.
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Mechanical stretch-induced microtubule reorganization and a-tubulin deacetylation are mediated by angiotensin II type 1 receptor and SIRT2 Angiotensin II has been implicated in cytoskeletal reorganization stimulated by mechanical stretch in endothelial cells that participates in vascular remodeling. EA hy.926 cells cultured on silicone dishes were subjected to 10% uniaxial cyclic stretch for 2h and examined by immunofluorescence to investigate the effects of mechanical stretch on microtubule reorganization. As shown in Figure 6 , mechanically stretched EA hy.926 cells showed vertical alignment to the direction of tension and a-tubulin distributed in a ring formation accompanied by tubulin deacetylation on the peripheral edge of cells, in contrast to mechanically unloaded control cells that showed a-tubulin distribution as a radial pattern in cell bodies. Cellular acetylated tubulin levels adjusted with a-tubulin levels were decreased by mechanical stretch (Figure 6 ). Mechanical stretch-induced changes of microtubules were blocked by pretreatment with losartan and sirtinol ( Figure 6 ). SIRT2 depletion using siRNA also prevented mechanical stretch-induced changes of microtubules in EA hy.926 cells (Figure 7 ). These data indicate the involvement of angiotensin II type 1 receptor and SIRT2 in mechanical stretch-induced microtubule reorganization in endothelial cells.
Angiotensin II-induced tubulin deacetylation in aortic intima in mice in vivo C57BL/6J mice were loaded with saline or angiotensin II (1.44 mg kg À1 day À1 ) for 4 weeks to investigate the roles of angiotensin II-induced deacetylation of tubulin in vivo. Frozen sections of the abdominal aorta were stained with anti-acetylated tubulin and anti-atubulin antibodies (Figure 8 ). In the control mice, acetylated tubulin was detected in the intima of the aorta ( Figure 8A , a-f). In contrast, acetylated tubulin was decreased in the intima of aorta in mice loaded with angiotensin II ( Figure 8A, g-l) . Quantification of fluorescence intensity of the images supported these observations ( Figure 8A graph). Frozen sections were stained with the antibodies against Fluorescence intensity of acetylated tubulin adjusted with that of a-tubulin measured as described in Methods was expressed relative to that of control (lower graph). *Po0.05 vs. non-stretched cells transfected with control siRNA.
Microtubules, one of the key cytoskeletal fibers in endothelial cells, regulate numerous cellular functions, including cell shape, polarity, motility and intracellular vesicle transport. Much attention has been paid to the importance of posttranslational modification of tubulin in the regulation of microtubule-based cellular function. In quiescent cells, microtubules contain acetylated a-tubulin. In contrast, tubulin is deacetylated in the leading edge of migrating fibroblasts and neuronal growth cones. 13, 14 Hyperacetylated microtubules decreased microtubule dynamics, increased microtubule stability and decreased cell migration. 15 Therefore, tubulin acetylation/deacetylation is implicated in the control of microtubule function and, therefore, the regulatory mechanism of tubulin acetylation/deacetylation by acetylase/deacetylase has attracted much attention.
Angiotensin II not only in blood circulation but also locally produced in vascular walls activates multiple signaling pathways through type 1 and type 2 plasma membrane receptors, both of which are expressed in endothelial cells. This study showed that angiotensin II decreased acetylated tubulin in endothelial cells both in vitro and in vivo. mRNA expression of angiotensin II type 1 and type 2 receptors was not changed by SIRT2 silencing in EA hy.926 cells (data not shown). Pharmacological inhibition revealed that angiotensin II-induced microtubule reorganization and tubulin deacetylation are mediated by angiotensin II type 1 receptors. SIRT2 and histone deacetylase 6 (HDAC6) have been identified as tubulin deacetylases. Although caloric restriction has been shown to activate SIRT2 in a nicotinamide adenine dinucleotide + -dependent manner, the regulatory mechanism for SIRT2 deacetylase activity is not fully understood. 16 This study showed that angiotensin II-angiotensin II type 1 receptor-induced tubulin deacetylation is mediated by SIRT2, suggesting that angiotensin II type 1 receptor signaling is a novel SIRT2 deacetylase regulator. In this study, SIRT2 expression was not changed by angiotensin II in EA hy.926 cells (data not shown). There is a possibility that angiotensin II signaling regulates SIRT2 activity through posttranslational modification of SIRT2 including phosphorylation. 17 On the other hand, HDAC6, which was originally characterized as a histone deacetylase, is associated with tubulin in the cytoplasm and deacetylates tubulin. 18 Although HDAC6 has been implicated in the regulation of cell migration, cell-cell interactions and gene transcription, HDAC6 appears to function not only as a deacetylase but also as a deacetylase activity-independent molecular scaffold in a cell type-specific manner. 19 HDAC6 depletion of EA hy.926 cells using siRNA showed no obvious effects on the angiotensin II-induced tubulin decatylation, suggesting that HDAC6 has a minor role in angiotensin II-induced microtubule reorganization in endothelial cells (data not shown). Endothelial migration has a role in the wound repair of injured vessels and the development of vascular remodeling. The roles of angiotensin II-angiotensin II type 1 receptor-SIRT2 axis in endothelial migration were investigated using pharmacological and genetic methods and the results showed that SIRT2 inhibition prevented angiotensin II-induced endothelial migration. These data suggest that SIRT2-mediated microtubule reorganization is implicated in the endothelial cell function.
Endothelial cells are exposed to mechanical forces such as cyclic stretch and shear stress. Excessive strain is involved in the pathogenesis of vascular remodeling and atherosclerosis. Previous reports have shown that mechanical stretch increases reactive oxygen species, induces reorganization of integrins and regulates cytoskeletal reorganization in endothelial cells. [20] [21] [22] On the other hand, mechanical forces such as cyclic stretch and shear stress modulate the vascular reninangiotensin system. Delli Gatti et al. 2 reported that cyclic stretch induces the release of angiotensin II in human endothelial cells. Figure 8 (A) Frozen sections of aortas prepared from mice loaded with control vehicle or angiotensin II were stained with anti-acetylated tubulin antibody (green) and anti-a-tubulin antibody (red) and examined by confocal microscopy (n¼3 per group). Fluorescence intensity of images measured as described in Methods was expressed relative to that of control (lower graph). Acetylated tubulin was decreased in the aortic intima of mice loaded with angiotensin II (g-i; j-l depicted from the box in g-i, respectively) in comparison with control mice (a-c; d-f depicted from the box in a-c, respectively). *Po0.05 vs. aorta loaded with control vehicle. (B) Frozen sections of the aortas were stained with anti-a-tubulin (green) and anti-PECAM-1 (red) antibodies and then were examined by confocal microscopy.
Therefore, cyclic stretch is considered to synergistically augment the effects of angiotensin II on vascular cells. In addition, the common signaling pathways triggered by both angiotensin II and cyclic stretch have also been suggested to have important roles in hypertensioninduced vascular remodeling. This study indicates that SIRT2 mediates microtubule reorganization induced by angiotensin II and cyclic stretch in endothelial cells, suggesting that SIRT2 is a key regulator of endothelial remodeling. Further studies are needed to elucidate the role of angiotensin II-induced deacetylation of tubulin and the involvement of SIRT2 in vascular remodeling by in vivo studies that investigate the effects of activation and inhibition of SIRT2 in vascular remodeling.
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